~" The electrophysiological status of phrenic nerve function has been determined by an assessment of the conduction time and diaphragm muscle action potential in patients who were being evaluated as candidates for diaphragm pacing, or who were being studied for suspected phrenic nerve injury or disease. The conduction time and muscle action potential were evoked by transcutaneous phrenic nerve stimulation or by stimulation with a permanently implanted diaphragm pacemaker. In normal volunteers, the conduction time was found to be 8.40 msec + 0.78 msec (SD). Transcutaneous phrenic nerve stimulation was successful in predicting phrenic nerve viability in 116 of 120 nerves studied. The four false negatives were due to technical difficulty in locating the nerves in obese or uncooperative subjects. In patients who were selected for implantation of a diaphragm pacemaker, a conduction time that was prolonged (10 to 14 msec) preoperatively did not preclude successful diaphragm pacing. Postoperatively, a prolonged (> 10 msec) conduction time was associated with severe systemic disease or local nerve injury caused by trauma or infection. The elucidation of phrenic nerve function by such electrophysiological studies serves as a valuable adjunct to the selection and management of patients undergoing diaphragm pacing.
T HE purpose of this communication is to report data derived from studies carried out on patients in our clinic who were being evaluated for, or who had been undergoing (some for as long as 10 years), chronic electrostimulation of the phrenic nerve (diaphragm pacing) as treatment for ventilatory insufficiency. 1 Preliminary reports of some of these data have been presented elsewhereY
Clinical Material and Methods

Clinical Material
Sixty-five patients in our clinic had a diaphragm pacemaker implanted. Fifty-three of these, plus 28 other patients evaluated for central alveolar hypoventilation or suspected injury or disease of the phrenic nerves (Table 1) and 16 normal adults serving as a control population, all underwent electrophysiological study for assessment of the viability and functional state of their phrenic nerves. Phrenic nerve conduction time, that is, the interval between the application of the stimulus to the nerve in the neck and the excitation of the ipsilateral diaphragm, as evidenced by the onset of the diaphragm muscle action potential, and the amplitude of the latter, were measured in a total of 193 nerves.
General Methods
In subjects in whom the phrenic nerve had not been exposed, that is, in those not having a diaphragm pacemaker, the conduction time and muscle action potential were determined by applying the electrical stimulus to the phrenic nerve in the neck from the outside. This transcutaneous phrenic nerve stimulation is performed with a thimble electrode *,5 driven by a stimulator that provided a constant-current (1 to 11 milliamps) biphasic impulse of l-msec duration. The nerves were found to lie just behind the sternocleidomastoid muscle, 2 to 4 cm above the clavicle anterior to the scalenus anticus muscle and medial to the point of brachial plexus stimulation (Fig. I) . The diaphragm muscle action potential was sensed by two silver-silver chloride skin electrodes placed in the ipsilateral eighth intercostal space at the anterior and posterior axillary lines. The resulting signal was fed into a Tektronix type 564 oscilloscope equipped with a 3A3 preamplifier.* The time base of the oscilloscope was calibrated with a crystal-controlled marker generator. Permanent recordings were made on Polaroid film. Tattoo marks were placed at the skin electrode sites to allow precisely reproducible electrode placement in those patients selected for subsequent pacemaker implantation. The conduction time was measured from the onset of stimulation to the inflection point marking the beginning of the muscle action potential (Fig. 2) . The amplitude of the muscle action potential was defined as the peak potential above baseline. In addition, the strength of the contraction of the hemidiaphragm on stimulation of the phrenic nerve was estimated by observation and by palpation of the abdomen at the ipsilateral subcostal margin, Contractions were graded from 0 (no contraction) to 2 (vigorous contraction).
In: patients with a diaphragm pacemaker in situ, the condition of the phrenic nerve was evaluated by stimulating with the pacemaker. The diaphragm pacemaker consists of an external battery-powered *Oscilloscope manufactured by Tektronic, Inc., Portland, Oregon.
FIG. 1. Transcutaneous phrenic nerve stimulation is
achieved by stimulating thephrenic nerve at its motor point in the neck and sensing the diaphragm muscle action potential with skin electrodes in the ipsilateral eighth intercostal space.
transmitter coupled to a subcutaneously implanted passive (no batteries) receiver by radiofrequency (rf) signals. The signals are converted into a series of 150-usec impulses that are of increasing amplitude and are usually spaced at 40-msec intervals to form an impulse train (Fig. 3) . The impulses are conveyed to the phrenic nerve by a unipolar or bipolar electrode. To study phrenic nerve conduction, the muscle action potential was sensed as described above. By using an impulse counter to provide an external trigger for the oscilloscope, it was possible to superimpose several selected impulses for subsequent analysis. The conduction time was measured from the stimulus impulse, which occurs at the end of each rf signal, to the inflection point at the beginning of the muscle action potential. The amplitude of the muscle action potential was measured as described above. The nerve stimulus threshold was determined by adjusting the transmitter until the muscle action potential was barely discernible at the end of the impulse train, the point of maximum stimulus. By adjusting the time base of the oscilloscope, the entire stimulus cycle could be visualized and the external transmitter adjusted so that the first impulses were just above the nerve stimulation threshold (Fig. 3) .
The operative technique used for implanting the rf receiver and nerve electrode, and the parameters of the electrical stimulus that are employed in pacing, have been reported earlier. 1 
Study Groups
Phrenic nerve conduction time and diaphragm muscle action potential were measured in 16 normal adults to establish control values for this clinic. These parameters were also measured in 81 patients over a period of 51h years (February, 1974 , to September, 1979 . These patients fell into two groups as follows:
Results of transcutaneous phrenic nerve stimulation in a 28-year-old man with central alveolar hypoventilatlon due to a progressive neurological disorder.
Group 1.
There were 66 patients who underwent transcutaneous phrenic nerve stimulation with measurement of nerve parameters. Of these, 62 were candidates for diaphragm pacing, and four, who were studied because of suspected peripheral phrenic nerve injury or disease, were not. A diaphragm pacemaker was implanted, and pacing initiated in 40 of the 62 candidates. Postoperative studies were carried out for a mean of 18.2 months (range, i to 57 months). The total number of postoperative studies was 115, averaging 2.9 per patient (range, 1 to 10).
Group 2. There were 18 patients who entered the study with a diaphragm pacemaker already in situ, and they had therefore had no preoperative study relative to this investigation. Seventeen of the implantations were performed in our clinic and one was carried out elsewhere. One patient whose diaphragm pacemaker was implanted after the study had started is included here because no conduction time or muscle action potential measurements were taken preoperatively. The phrenic nerves that were involved in pacing were stimulated with the diaphragm pacemaker. Contralaterai nerves were stimulated by transcutaneous phrenic nerve stimulation. Fifty-three studies were completed, averaging 2.9 per patient (range, 1 to 7). The mean duration from pacemaker Three patients are common to both groups. All had a diaphragm pacemaker implanted on the left side prior to this study but were subsequently evaluated for pacing of the right hemidiaphragm, which was then instituted.
Results: General and Control
Stimulation by the diaphragm pacemaker or transcutaneous phrenic nerve stimulation elicited reproducible diaphragm muscle action potentials. Nerves could usually be located easily, with exceptions in cases of cervical anatomical abnormality, marked obesity, and lack of cooperation.
Control studies were undertaken on 16 adult university employees, l0 men and six women, ranging in age from 22 to 53 years, who had no history of W. W. L. Glenn, J. F. Hogan and M. L. Phelps neurological or respiratory disease. Transcutaneous phrenic nerve stimulation was successful bilaterally in all ( Table 2 ). The conduction times of the left and right nerves were similar: 8.32 msec (SD: 0.82) and 8.48 msec (SD: 0.78). The upper limit of the normal phrenic nerve conduction time was therefore established as 10 msec (mean plus 2 SD). The muscle action potential was variable (mean 0.65 mV, SD 0.24), but was > 0.4 mV in all control studies. The amplitude of the muscle action potential did not appear to correlate with the clinically estimated strength of diaphragm contraction.
Results: Group 1 Studies
Preoperative Assessment of Nerve Suitability for Stimulation
In Group 1, phrenic nerves in the 62 candidates for pacing were studied using transcutaneous phrenic nerve stimulation. Of the 124 nerves, one nerve in each of three candidates was excluded because it was already undergoing electrostimulation; the contralateral nerve was, of course, included in the evaluation. In addition, one nerve in an infant with a cervical esophagostomy was not studied because the motor point was too close to the stoma. Thus, 120 nerves were studied.
The results are summarized in Table 3 . Of the 120 nerves, 94 had normal or prolonged conduction time, and stimulation produced a vigorous response of the diaphragm; 54 of these 94 were explored for pacing. Preoperative muscle action potentials ranged from 0.1 to 2.0 mV, with no correlation observed between this measurement and the conduction time. All exposed nerves, including those with a conduction time as long as 12.5 msec, were found viable on direct stimulation. The remaining 40 nerves with a normal or prolonged conduction time were not explored since the contralateral nerve was already being paced and unilateral pacing was adequate, or the patient was excluded as a candidate for diaphragm pacing for other reasons. Included in the 94 nerves were 10 nerves in six E v a l u a t i o n o f p h r e n i c n e r v e f u n c t i o n children, aged 5 months to 11 years, in which the mean conduction time was significantly (p < 0.01) shorter than the mean of the controls (7.1 versus 8.4 msec, respectively), a difference explained by the shorter length of a child's phrenic nerve relative to that of an adult.
In five instances where the nerve had a normal conduction time, transcutaneous phrenic nerve stimulation evoked only poor diaphragm contraction. Paresis of the diaphragm was confirmed fluoroscopically in three instances and by exploration in two.
Conduction could not be elicited by transcutaneous phrenic nerve stimulation in 21 nerves. Eleven of these nerves were exposed and stimulated directly. Nine were found not viable, whereas two, both in obese patients, responded normally. The remaining 10 nerves, which were nonconductive on transcutaneous phrenic nerve stimulation, were not explored. Paralysis of the diaphragm was confirmed fluoroscopically in all but one patient, a child who had been unable to cooperate for the nerve stimulation study. In view of the normal bilateral diaphragm excursions seen on fluoroscopic examination, it is believed that this patient's phrenic nerves were probably intact.
Postoperative Assessment o f Nerve Conduction in Patients Studied Preoperatively
Electrodes were applied to 56 of the nerves that had been studied with transcutaneous phrenic nerve stimulation. Fifty-one of these nerves could be studied postoperatively, and their parameters were measured periodically, for an average of 20.7 months (range, 1 to 53 months). Five nerves undergoing unipolar stimulation could not be studied postoperatively because of electrical interference caused by the proximity of the anode of the receiver capsule to the eighth intercostal space, the site for placement of the recording skin electrodes. The data from postoperative studies are illustrated in Fig. 4 . In most instances, the postoperative conduction time fell to, or remained within, the normal range (less than 10 msec) subsequent to the onset of pacing.
The conduction time of 42 nerves was consistently normal when measured from time to time postoperatively. The diaphragm muscle action potential was less uniform, but generally remained > 0.4 mV. The conduction time of nine nerves became prolonged either early or late postoperatively (Fig. 4) . These nine nerves were in seven patients whose histories are briefly summarized below.
Case 1. This 67-year-old man presented with a massive cerebrovascular accident complicated by respiratory paralysis. A diaphragm pacemaker was implanted on the left side on August 6, 1974. At operation, two fascicles of phrenic nerve were found about 1 cm apart. Both were enclosed in one nerve cuff. Postoperatively, support of ventilation by diaphragm pacing was never attained for more than 5 minutes. The patient's general condition continued to FIG. 4. Transcutaneous phrenic nerve stimulation of 32 nerves in 16 normal subjects defined a normal range (shaded area) of conduction time (CT). Preoperative stimulation of subsequently stimulated nerves in Group l patients is depicted. Two noted to be nonconductive were in markedly obese patients and were subsequently found to be viable. The CT's of nine nerves in seven patients were prolonged at some point postoperativel),; the preoperative CT s of these nerves are indicated by hnes joining them to their respective preoperative values.
deteriorate, and was complicated by severe congestive heart failure. The conduction time in the stimulated nerve was prolonged (11.8 msec), and the diaphragm muscle action potential fell to 0.1 mV from its preoperative value of 0.3 inV. The patient died on September 25, 1974, following a myocardial infarction. At postmortem examination, severe degenerative changes were found in the nerve at the level of the nerve cuff and below, undoubtedly secondary to injury of the nerve at operation.
Case 2. This 63-year-old man presented with central alveolar hypoventilation following a remote cardiovascular accident. A diaphragm pacemaker was implanted on the left side on July 19, 1976. He was paced well for 1 year, but was subsequently admitted to the hospital for failure to thrive and ventilatory insufficiency. A tracheostomy improved his condition somewhat. The conduction times in both stimulated and contralateral phrenic nerves became prolonged (10.4 and 13 msec, respectively). The muscle action potentials were normal (0.7 and 0.6 mV, respectively). He died 1 month later from an unsuspected carcinoma of the right lung.
Case 3. This 53-year-old man suffered a C2-3 fracture and subsequent quadriplegia from a diving accident. He was maintained on a ventilator for 11 years before admission to our clinic for diaphragm pacemaker implantation. The preoperative phrenic nerve conduction time was prolonged to 12 msec bilaterally. On July 22, 1974, a nerve cuff was placed on the right phrenic nerve without incident, and subsequent conduction times were normal (10 msec). During placement of the cuff on the left phrenic nerve on July 8, there was possible transient compression of the nerve, and stimulation immediately postoperatively produced poor diaphragmatic excursions and a persistently prolonged conduction time (12 msec). One year later the left conduction time was 10.6 msec, but the muscle action potential was only 0.1 mV in amplitude. The right conduction time was 10 msec at that time, and the muscle action potential was 0.6 mV. When the patient was examined 4 years postoperatively, emaciation that was evident before operation had progressed. The conduction time on the left was now 12.4 msec, and on the right was now also prolonged at 11 msec. Of equal interest was the marked diminution in amplitude of the right diaphragm muscle action potential to 0.2 mV. The patient died of causes unrelated to diaphragm pacing 1 month after his last evaluation.
Case 4. This 70-year-old man suffered a CI-2 fracture with subsequent quadriplegia resulting from a fall from a roof. His fall may have been caused by a Stokes-Adams attack associated with heart block discovered on admission to the hospital. About 1 month following implantation of a cardiac pacemaker on January 1, 1977, diaphragm pacemakers were implanted bilaterally. After conditioning of the diaphragm, the patient was put on total ventilatory support by pacing. Three months postoperatively, the left and right conduction times were noted to be prolonged (12 and 11 msec, respectively), despite their having been normal previously (9.6 and 9.8 msec, respectively). The diaphragm muscle action potentials had also fallen from 0.4 and 0.6 mV to 0.2 and 0.3 mV, respectively. Generalized muscle wasting wasevident. At that time the patient was transferred to a rehabilitation unit, but over the next few months pacing became less effective, and he died 10 months postoperatively from bilateral pneumonia and pteural effusion.
Case 5. This 70-year-old man with Shy-Drager syndrome was admitted with ventilatory insufficiency and postural hypotension, transcutaneous phrenic nerve stimulation indicated prolonged conduction times bilaterally, 10.5 msec on the right and 14 msec on the left. The muscle action potentials were 0.4 mV and 0.3 mV, respectively, and contraction of each hemidiaphragm was clinically satisfactory. Exploration of the right phrenic nerve on May 16, 1979, was hampered by an extremely large internal jugular vein and, therefore, a transthoracic approach was used for implantation of a diaphragm pacemaker on the right side on June 4. The transcervical approach had been used for implantation of a diaphragm pacemaker on the left side on May 22. Although the right conduction time and muscle action potential were normal postoperatively (8 msec and 0.7 mV, respectively), the significance of the conduction time is questionable, since the nerve cuff was positioned on the intrathoracic, instead of the cervical, portion of the right phrenic nerve. The left conduction time was prolonged (11.5 msec), and the muscle action potential was 0.4 mV. Full-time ventilatory support by pacing was established by June 18, but part-time positive-pressure ventilation was reinstituted after a severe hypotensive episode on June 26 resulted in a cardiorespiratory arrest. Full-time pacing was resumed by July 1. On July 3, the right conduction time was 10 msec and the muscle action potential was 0.3 mV, while on the left they were 10.8 msec and 0.2 mV, respectively. H e did well until July 20, when another hypotensive episode was associated with further impairment of the central nervous system, and he eventually died on July 28.
Case 6. This 28-year-old man with central alveolar hypoventilation due to progressive neurological dysfunction of undetermined etiology underwent uneventful implantation of a diaphragm pacemaker on the right side on May 19, 1978. After implantation of a diaphragm pacemaker on the left on June 13, a loss of nerve function was found when the nerve was tested on the 6th postoperative day (Fig. 5) . N o conduction time or muscle action potential could be elicited, and fluoroscopic examination showed minimal voluntary or stimulated function of the diaphragm. Immediate re,exploration of the nerve revealed probable compression from a slightly displaced electrode. The compression was relieved. One month later, the conduction time on the left was 13 msec and the diaphragm Evaluation of phrenie nerve function muscle action potential was 0.3 mV. The former returned to normal (10 msec) within 10 days, the latter improved (1.3 mV), and some return of diaphragm function was observed fluoroscopically. The conduction time and muscle action potential were again found to be normal 5 months later, and movement of the diaphragm at this time was 11 cm. Ten months postoperatively, the conduction time was 7.2 msec and the muscle action potential 1.3 mV. During the period of observation, the right conduction time was consistently normal (7.2 to 9 msec), while the muscle action potential gradually increased from 0.9 to 2.1 mV.
Case 7. This 44-year-old man had idiopathic central alveolar hypoventilation, and a diaphragm pacemaker was implanted on the left side on May 12, 1975. Preoperatively, the left conduction time and diaphragm muscle action potential were 9.2 msec and 0.2 mV, respectively, and in the early postoperative period were normal (8.0 msec and 0.7 mV, respectively). The patient's diaphragm receiver capsule and nerve cuff became infected, and were removed on July 9. The conduction time in the left phrenic nerve increased, and the diaphragm muscle action potential diminished (Fig. 6 ), but both returned to normal after 42 months. A diaphragm pacemaker was implanted on the right side on August 18, 1975, and since then the right conduction time and diaphragm muscle action potential have remained normal at 9.0 to 9.2 msec and 0.4 to 0.7 mV, respectively.
Transcutaneous Phrenic Nerve Stimulation in Assessment of Suspected Phrenic Nerve Pathology
Four patients with unilateral paralysis of the diaphragm were studied by transcutaneous phrenic nerve stimulation. Two phrenic nerves injured by retraction during operations on the heart were found to be nonconductive by nerve stimulation, but the con- duction times on the contralateral side were normal. When one of these nerves in a child was retested 17 months following a superior vena cava-right pulmonary artery anastomosis, the conduction time and muscle action potential had returned to normal. The second nerve was injured during a right thoracotomy for mitral valve replacement and has not been restudied.
A third patient developed empyema following pneumococcal pneumonia and was noted to have an elevated right hemidiaphragm after resolution of the empyema. Fluoroscopy revealed a positive "sniff" test on this side, but the conduction time and muscle action potential were within normal limits and were associated with vigorous contraction of the hemidiaphragm; measurements of the contralateral nerve were also normal. The cause of the elevated diaphragm may have been related to adhesions resulting from resolution of the empyema.
A fourth patient underwent coronary revascularization for Class IV angina shortly after recovering from cutaneous manifestations of herpes zoster involving the left C5-6 dermatomes. Preoperative chest x-ray films and fluoroscopy suggested left diaphragm paralysis. The left phrenic nerve was found by transcutaneous phrenic nerve stimulation to be nonconductive. Six months later conduction returned, with the conduction time 12 msec and the diaphragm muscle action potential 0.3 mV. Another 6 months later, the values were 10 msec and 0.4 mV, respectively. Values in the contralateral nerve were consistently normal.
Results: Group 2 Studies
Postoperative Assessment of Phrenic Nerve Conduction
In this group of 18 patients, diaphragm pacemakers had been implanted unilaterally in 17 and bilaterally in one before the patients' entry into this study. In three of the unilateral cases, a second diaphragm pacemaker was implanted within the study period on the contralateral side, and the conduction parameters of their newly paced nerves were thus included in the Group 1 results. The long-term pacing of these Group 2 patients provided assessment of the conduction times and muscle action potentials up to 8 years and 11 months following nerve cuff implantation. Figure 7 illustrates the longest phrenic nerve conduction times determined following the patients' entry into the study. Nerves were evaluated serially for up to 5.25 years.
Most nerves had a normal conduction time (Fig. 7) , but in four nerves it was prolonged at some point during the study. The histories of these four patients are summarized below.
Case 8. This 52-year-old man had central alveolar hypoventilation, probably subsequent to shock therapy for profound depression. On May 16, 1972, he un-FIG. 7. Postoperative conduction times in Group 2 patients were normal with the exception of three nerves in patients with exacerbations of hypoventilation (Cases 8, 9, and 10), and one nerve in a patient (Case 11) with terminal chronic myelogenous leukemia and cor pulmonale. The shaded area represents the range of normal controls (see Fig. 4 ). derwent implantation of a diaphragm pacemaker on the left side. The first conduction study was obtained 21/2 years postoperatively, a few days after he was admitted in coma with an arterial pCO2 of 139 torr. The conduction time of the paced nerve was prolonged (11 msec), but the diaphragm muscle action potential was normal (0.6 mV). A tracheostomy was performed, and relieved the severe nocturnal upper airway obstruction complicating the hypoventilation. Two months after tracheostomy and relief of the upper airway obstruction, the conduction time in the paced nerve had returned to normal (9.3 msec), and has remained so since.
Case 9. This 71-year-old man with atlanto-occipital deformity had a diaphragm pacemaker implanted on the left side on July 11, 1973. When studied 21 and 39 months later, the conduction times for the left phrenic nerve were 10.4 and 9.8 msec, respectively, while those on the right were 8.8 msec and 10 msec, respectively. Because of severe hypoventilation during the day when not pacing, a diaphragm pacemaker was implanted on the right side on October 27, 1976. Using both pacemakers at different periods during the day, hypoventilation has been relieved. Evaluation on March 14, 1979, revealed that the conduction time was 8.6 msec on the right and the left. Interestingly, the left diaphragm muscle action potential has been consistently low, averaging 0.2 mV, whereas that on the right has been normal (0.5 mV).
Case 10. This 52-year-old man with severe central alveolar hypoventilation due to encephalitis underwent implantation of a diaphragm pacemaker on the left side on May 15, 1973. Although the conduction time of both stimulated and unstimulated nerves was prolonged (11 and 12 msec, respectively), at the time of the last study (52 months postoperatively), the diaphragm muscle action potentials still remained normal but had fallen somewhat from 1.3 mV to 0.8 mV on the paced side and from 1.0 to 0.8 mV on the other. Ventilatory insufficiency caused by upperairway obstruction was relieved by tracheostomy. The patient continued to do well for 18 months, until he developed an acute exacerbation of ventilatory insufficiency secondary to pneumonitis, from which he died.
Case 11. This 51-year-old woman with central alveolar hypoventilation underwent implantation of a diaphragm pacemaker on the left side on July 28, 1970. When first studied 31/2 years postoperatively, the conduction time was normal (8.9 msec), but 7 months later, it was prolonged in the stimulated nerve (10.6 msec) and in the contralateral unstimulated nerve when tested by transcutaneous phrenic nerve stimulation (14 msec). The muscle action potentials were 1.2 and 0.9 mV, respectively. The patient died 9 days after this study of chronic myelogenous leukemia and cor pulmonale.
Discussion
Transcutaneous phrenic nerve stimulation provides a noninvasive method for studying the integrity of the phrenic nervesY 'a The reliability of the technique is illustrated by the results of this study. In all 16 control subjects it was possible to stimulate the nerves bilaterally, and to obtain reproducible diaphragm muscle action potentials and vigorous contractions of the ipsilateral hemidiaphragms. Of 120 nerves in patients evaluated for long-term stimulation to effect diaphragm pacing, transcutaneous phrenic nerve stimulation data correctly predicted nerve viability and diaphragm function in 116. Four nerves subsequently shown to be viable could not be located by stimulation: two were in markedly obese patients and the other two were in an uncooperative child.
The conduction times of the left and right nerves were similar. Conduction velocity cannot be measured directly, since the nerve is accessible for transcutaneous phrenic nerve stimulation at only one point in the neck, and its intrathoracic length cannot be precisely determined in vivo. However, the reproducibility of conduction times and muscle action potentials determined serially over periods of up to 5 years, and the correlation of a prolonged conduction time in patients with inanition or severe systemic disease, suggest that such studies provide physiological data that are useful in assessing long-term nerve function. The mean conduction time in the normal adults herein reported is slightly, but not significantly, longer than that reported by Newsom Davis? Refinements in the equipment for recording the muscle action potential that provide an expanded time scale for a more Evaluation of phrenic nerve function precise measurement of the conduction times may account for the difference between the two studies. The diaphragm muscle action potential evoked by transcutaneous phrenic nerve stimulation was variable in both the control and patient groups, and did not serve to predict nerve suitability for long-term stimulation or the strength of diaphragm contraction. This is not surprising, since the surface muscle action potential is dependent upon several factors, namely: 1) the force of diaphragm muscle contraction; 2) the completeness of phrenic nerve stimulation; 3) the synchrony of nerve fiber conduction and excitation of the potential of individual diaphragm muscle groups; and 4) the impedance of the chest wall, which is directly related to the thickness of the tissue that separates the skin from the diaphragm where it attaches to the chest wall. Since transcutaneous phrenic nerve stimulation may stimulate only part of the nerve, the muscle action potential is variable and is of little value in assessing diaphragm function. It is apparent, however, from our studies that when uniform neural stimulation is achieved by means of an implanted stimulator, the muscle action potential is more reproducible and correlates somewhat better with the strength of muscle contraction. Thus, changes in muscle action potential may be related to altered diaphragm function: a decrease in a given patient usually implied diminished contraction of the diaphragm, whereas an increase was associated with augmented contraction.
Analysis of serial impulses and superimposition of the diaphragm muscle action potential indicate that an increase in stimulus strength increases the muscle action potential by recruitment of additional muscle bundles but has no effect on the conduction time. This indicates that the conduction time and the amplitude of the muscle action potential are not necessarily related. In our patient population, it would seem that the conduction time is dependent upon nerve function, which is related to the patient's general health and the presence or absence of inanition, systemic disease, and nerve injury or infection, while the amplitude of the muscle action potential is more closely related to diaphragm function. This is borne out by an analysis of the patients we have described, who are grouped together in Table 4 . Those patients with complications of inanition had abnormal nerve and diaphragm function, as indicated by a prolonged conduction time and diminished muscle action potential. Those with hypoventilation or terminal malignancies had altered nerve conduction manifested by an increased conduction time, while the diaphragm muscle action potential remained normal or unchanged. Patients with nerve injury from cuff pressure or infection demonstrated a prolonged conduction time and a diminished muscle action potential, probably due to incomplete diaphragm stimulation. The abnormal findings resolved in patients in whom the complication of their primary disease could be corrected. Furthermore, there are no data to suggest that chronic stimulation of the diaphragm per se caused a prolongation of the conduction time or diminution of the muscle action potential. For example, transcutaneous phrenic nerve stimulation of the contralateral unpaced nerves in Cases 2 and 11 yielded abnormalities that were similar to those found in the paced nerves. Also, the conduction time and diaphragm muscle action potential remained normal in paced nerves in Cases 3, 6, and 7, at the same time these values were abnormal in the contralateral nerves that had been injured by local nerve trauma or infection.
Data from two of these patients indicate that a moderate prolongation of the conduction time, which
